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Abstract
The equilibrium constants, pKa, for protonation of monoethanolamine (MEA), N-methyldiethanolamine (MDEA), 2-amino-2-
methyl-1-propnol (AMP), 2(2-aminoethyl)etanol)amine (AEEA) and piperazine (Pz) have been measured by potentiometric 
titration at temperatures from 298.15 to 363.15 K. Enthalpies of protonation, Hp, for these amines were measured at 298.15 K in 
a reaction calorimeter and compared to those calculated from the experimental pKa values. The effect of the ionic strength of the 
solution on the equilibrium constants and enthalpy of protonation of MDEA was studied.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
A post-combustion CO2 capture plant is usually operated as a temperature swing process. The CO2 is bound in a 
liquid phase and this reaction is reversed by increasing the temperature. This temperature dependency is determined 
by the chemical equilibrium in the process. The protonation constant and carbamate stability are the main 
equilibrium constants in an amine-based CO2 capture process. Understanding these equilibrium constants and their 
temperature dependence is of great importance in optimizing the CO2 capture process. 
Most of the data found in literature are from measurements below 333.15 K [1]. MDEA was chosen in this work 
for the verification of the experimental procedures since temperature dependency of the dissociation constant of this 
amine is relatively well studied.  Protonation constants for MDEA were measured by potentiometric titration by 
Oscarson et al. [2] at 298.2 K and by Littel et al. [3] at 278-363 K. Dissociation constants of MDEA from 
electromotive force (EMF) measurements were reported by Kamps and Maurer [4] for 278-368 K and by Hamborg 
et al. [5] for 298.15-353 K at different concentrations of MDEA (0.025 to 1 mol/kg). Schwabe et al. [6] measured 
pKa of MDEA at 298.15-333.15 K. Enthalpy of protonation of MDEA was measured by Oscarson et al. [2] for 
temperatures of from (299.9 to 422.1) K. 
In this work equilibrium constants for dissociation of protonated alkanolamines are determined by potentiometric 
titration at 298.15-363.15 K. Enthalpies of protonation were measured at 298.15 K using reaction calorimeter.
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2. Experimental 
2.1. Chemicals
Chemicals used in this work are listed in Table 1 and are used as received without further treatment. 
Hydrochloric (HCl) acid solutions were prepared from Merck Titrisol ampoules. Distilled deionized water was used 
in all experiments. 
Table 1. List of chemicals used in this work
Amine  Supplier (purity)
Monoethanolamine (MEA) 141-43-5 Sigma Aldrich (
N-methyldiethanolamine (MDEA) 105-59-9 Sigma Aldrich (99+ %)
2-((2-aminoethyl)amino)ethanol (AEEA) 111-41-1 Aldrich (99 %)
2-amino-2-methyl-1-propanol (AMP) 124-68-5 Fluka (> 99 %)
Piperazine (Pz) 110-85-0 Sigma Aldrich (99 %)
Tris(hydroxymethyl)-aminomethane (TRIS) 77-86-1 Merck (Gr. for analysis)
Sodium chloride (NaCl) 7647-14-5 Merck (	
2.2. Experimental set-ups and procedures
Potentiometric measurements were carried out with a Mettler Toledo G20 compact titrator equipped with a pH-
electrode DSC-115 (uncertainty ± 0.02 pH) and temperature sensor DT100 (uncertainty ± 0.1 
o
C). Temperature in a 
jacketed glass vessel (100 mL volume) for titration was controlled using Julabo M4 heating circulator (temperature 
stability ± 0.1 
o
C). Dow 10 cSt silicone oil was used as a heat transfer media. The calibration of the glass pH-
electrode was done at each temperature using buffer solutions traceable to the National Bureau of Standards (4.01, 
7.00 and 9.21 from Mettler Toledo).
About 40 ml of the amine solution (0.01 mol/l) with background salt (0 – 5 mol/L NaCl) are titrated with 0.1 
mol/L HCl solution. All measurements were carried out in duplicate. The titration procedure was computer 
controlled. All data were recorded using the LabX 3.1. Uncertainties in the experimental data are mainly determined 
by the uncertainty of the electrode used, which is 0.02 pH. Results from parallel titrations show a good precision 
with difference less than 0.1%.
The calorimetric measurements were carried out in a commercially available reaction calorimeter CPA 202 
(Chemisens, Sweden). The reactor is designed for operation at temperatures up to 200 
o
C and pressures up to 12
bars. The scheme of the experimental set-up is presented in Figure 1. The system consists of a mechanically agitated 
glass reactor (200 mL volume), which is submersed completely into a thermostat, and a piston pump with 0.005-5
mL/min capacity. The reactor is equipped with temperature sensor Pt-100 and a glass electrode 
InPro4800/225/PT100 (Mettler Toledo). The system continuously measures heat flow, pH, reactor temperature, 
pressure, etc. All process parameters are recorded with the control units using data acquisition software InTouch.
The titration procedure is similar to that described above for the potentiometric titration. A fixed volume of titrant 
(15 mL) was added to the reactor at constant rate (1 ml/min). About 110 ml of the amine solutions (0.1 or 0.05
mol/L) with background salt (0 – 5 mol/l NaCl) is titrated with 1 mol/L HCl solution. 
Sensitivity of the calorimeter given by the producer is 0.01W. Uncertainties in the experimental data come 
mainly from integration of the heat flow curves. The overall uncertainty in the experimental data is estimated based 
on the calibration experiments and is ±2.5%.
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Figure 1. Experimental set-up for measuring enthalpy of reaction
3. Results and discussion
3.1. Potentiometric titration
The dependence of protonation constants on ionic strength is well known [7]-[10].  Use of background salt allows 
maintaining constant ionic strength of the solution in course of titration. The effect of the ionic strength, I, on pKa
values of MDEA was estimated using NaCl as a background salt. The ionic strength of the solution is expressed in 
molar concentration of NaCl.
The equilibrium constants for MDEA protonation reaction were measured at temperatures from 20 to 90 
o
C. 
Concentration of NaCl in the solutions varied from 0 to 5 mol/L. The experimental data are compared with data 
from Oscarson et al. [2] in Figure 2.
Figure 2. lnKa of MDEA as function of ionic strengths and temperature. +, 25 oC (Oscarson et al., 1989). This work: 
, 20 oC; , 25 oC; , 40 oC; 
×, 60 oC;  , 80 oC; , 90 oC.
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It can be seen from Figure 2 that pKa increases with temperature (become less negative) and decreases with ionic 
strength. It should be noted that the data from Oscarson et al. [2] show slightly higher dependence on ionic strength. 
Experimental pKa values for MDEA at different ionic strength were interpolated to infinite dilution using a 4
th
order 
polynomial:
2 3 4ln lna aK K ax bx cx dx
     (1)
where   11x I I   [2], I – molar concentration of NaCl. The correlation gives excellent fit to all data points.
The experiments showed that there is almost no difference between the dissociation constants obtained by 
extrapolation to zero ionic strength (infinite dilution) and dissociation constants measured by titrating 0.01M MDEA 
solution without background salt, i.e. pKa values obtained by titration of amine solution of 0.01 mol/L concentration 
maybe used as pKa values at infinite dilution.
pKa of other alkanolamines were measured by titrating 0.01 mol/L solution with 0.1 mol/L HCl. Protonation 
constants are presented in Figure 3 as function of temperature. As diamines, AEEA and Pz have two protonation 
constants, denoted as AEEA 1/Pz 1 and AEEA 2/Pz 2 respectively.
Figure 3. lnKa of different alkanolamines as function of temperature: 
, MDEA; , MEA;  , AMP; , AEEA 1; , AEEA 2; , Pz 1; . , Pz 2
3.2. Calorimetric measurements
The effect of ionic strength on the heat of protonation was studied for a number of organic compounds 
(polyamines and carboxylic acids) at University of Messina, Italy (see for example, [8]-[10]). In this work, heat of 
absorption was measured at 25 
o
C for MDEA solutions with background salt (NaCl) concentrations of from 0 to 5 
mol/L. Heats of protonation of other amines werer measured by titrating 0.1 M solution without background salt.
The overall heat measured in each titration will include heat of chemical (protonation) reaction, Qr, heat 
generated by the system to heat the titrant from room temperature to the reactor temperature, Qh, heat of mixing, Qm,
and heat of titrant dilution, Qd:
 p r h m d r MQ Q Q Q Q Q Q      (2)
The heat necessary for heating the titrant, heats of mixing and heat of dilution, QM, were measured after each 
titration experiment by adding same amount of HCl (15mL) to the solution in the calorimeter (referred to as “heat of 
mixing” in the text below). An example of online curves showing calorimetric titration of Pz is shown in Figure 4.
Equilibrium points for each amine group are clearly seen on the first derivative (dpH/dV) curve (red line). Heats of 
protonation for the first and second amine groups were measured by stopping titration when equilibrium point is 
achieved.
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Figure 4. En example of on-line data from piperazine titration in a reaction calorimeter CPA202.
The heats of protonation of 0.1 M MDEA solutions at 25
o
C are given in Table 2 at different ionic strength. Two 
sets of data are given. In the first row, heat of mixing was taken into account, which resulted in heat of protonation 
which does not depend on ionic strength. Data in the second row do not include heat of mixing, i.e. was not taken 
into account, we see that the heat of protonation decreased with ionic strength (this effect can be not seen in the flow 
calorimeter).
Table 2. Heat of protonation of MDEA at 25 oC at different ionic strength
Ionic strength, M NaCl
0.01 0.1 1 3 5
Including heat of mixing 34.02 33.30 33.67 35.11 34.05
Excluding heat of mixing 36.81 36.27 35.22 31.35 26.46
The heats of protonation of other amines measured in this work at 25 
o
C by are presented in Table 3.
Table 3. Heats of protonation of amines measured in a reaction calorimeter at 25 oC
Amine
Including heat of mixing Excluding heat of mixing
H1 H2 H1 H2
MEA 49.00 - 51.88 -
AMP 49.47 - 53.41 -
AEEA 53.55 31.70 56.18 35.08
Pz 47.95 21.51 50.55 24.97
TRIS 44.44 - 47.26 -
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The heats of protonation for the studied amines were also calculated using the van’t Hoff’s equation based on the 
temperature dependent reaction equilibrium constants:
ln
(1/ )
d KH R
d T
   (3)
Equilibrium constants of amines measured at different temperatures were fitted to the following expression:
0 1 2
1
ln lnaK a a a TT
   (4)
Table 4. Heat of protonation of amines at 25 oC calculated from reaction equilibrium constants 
Amine 1 (kJ/mol) 2 (kJ/mol)
MDEA -34.4 -
MEA -51.3 -
AMP -55.7 -
AEEA -46.8 -37.2
Pz -44.4 -21.6
4. Conclusions
Reaction equilibrium constants of N-methyldiethanol amine (MDEA), ethanolamine (MEA), 2-amino-2-
methyl-1-propanol (AMP), 2(2-aminoethyl)aminoethanol (AEEA) and piperazine (Pz) were measured by 
potentiometric titration at temperatures from (25 to 90) 
o
C (298.15 to 363.15 K). Van’t Hoff’s equation was applied 
to the experimentally determined dissociation constants to calculate enthalpy (or heat) of reaction. 
A method is proposed for measuring the heats of the protonation by calorimetric titration. The heats of 
protonation for the studied amines at 25 
o
C are presented. The results show reasonable agreement with the enthalpies 
of protonation calculated based on the reaction equilibrium constants. Calorimetric measurements at higher 
temperatures are planed for the future work.
For MDEA, the effect of ionic strength on the dissociation constants and on the enthalpy of protonation is also 
studied.
The dissociation constants and heat of protonation presented in this work could be used in the modelling of CO2
capture using amines.
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